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Abstract
Cyclic adenosine 3′,5′-monophosphate (cAMP), the first second messenger to be described, plays 
a central role in cell signaling in a wide variety of cell types. Over the last decades, a wide body of 
literature addressed the different roles of cAMP in cell physiology, mainly in response to 
neurotransmitters and hormones. cAMP is synthesized by a wide variety of adenylyl cylases that 
can generally be grouped in two types: transmembrane adenylyl cyclase and soluble adenylyl 
cyclases. In particular, several aspects of sperm physiology are regulated by cAMP produced by a 
single atypical adenylyl cyclase (Adcy10, aka sAC, SACY). The signature that identifies sAC 
among other ACs, is their direct stimulation by bicarbonate. The essential nature of cAMP in 
sperm function has been demonstrated using gain of function as well as loss of function 
approaches. This review unifies state of the art knowledge of the role of cAMP and those enzymes 
involved in cAMP signaling pathways required for the acquisition of fertilizing capacity of 
mammalian sperm.
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More than 50 years of investigation have passed since the discovery of cyclic adenosine 3′,
5′-monophosphate (cAMP). This molecule stands as the first second messenger to be 
described 1. Over the last decades, a wide body of literature addressed the different roles of 
cAMP in cell physiology, mainly in response to neurotransmitters and hormones. Although 
protein kinase A (PKA) was initially believed to be the sole effector of cAMP, new cAMP 
targets were later described. Examples of these are the RAP guanine-nucleotide-exchange 
factor (GEF) EPAC 2,3 and the cyclic-nucleotide-gated ion channels 4 which are also 
directly responsive to cAMP. Added to the complexity of the pathway, cAMP synthesis is 
conducted by products of ten distinct genes encoding adenylyl cyclase. Nine of them 
(Adcy1–9) encode the family of transmembrane adenylyl cyclase (tmAC) isoforms with 
differential tissue distribution and regulatory responsiveness. All isoforms possess a 
common predicted topology with high primary structure homology of their catalytic sites. 
Moreover, they are regulated by G proteins and activated by the diterpene forskolin 5.
In contrast to the tmAC family, a single atypical adenylyl cyclase (Adcy10, aka sAC, 
SACY) 6 generates multiple isoforms by alternative splicing 7,8. The signature that identifies 
sAC among other ACs, is their direct stimulation by bicarbonate 9,10,11,12 and as such serves 
as a CO2 sensor in many cellular systems 6. Unlike tmACs, sAC is insensitive to G protein 
regulation and its enzymatic activity is over ten times more effective in the presence of 
Mn2+/ATP than in the presence of Mg2+/ATP 12. sAC was first described as a soluble 
adenylyl cyclase present in testicular extracts 13. This property was used to purify sAC from 
rat testes and to identify it by microsequencing 6. Not surprisingly, sAC is essential for 
fertilization; it is abundant in mature sperm and as such is the main source of cAMP in these 
cells. This review will be centered on the role of cAMP and those enzymes involved in 
cAMP signaling pathways in mammalian sperm. For more information on other aspects of 
the molecular basis of sperm function, other recent reviews can be 
found 14,15,16,17,18,19,20,21,22
2. Role of cAMP in sperm function
Cyclic AMP orchestrates different aspects of sperm function required for the acquisition of 
fertilizing capacity. For a detailed list of principal findings and references, see Table I. After 
leaving the testis, mammalian sperm are morphologically mature; however, they are not able 
to fertilize. Fertilization capacity is acquired after completion of two post-testicular 
maturational processes. The first one, known as epididymal maturation, is poorly understood 
at the molecular level. It involves the activation of signaling pathways and the incorporation 
of proteins secreted by the epididymal epithelium in the male reproductive tract. During this 
process, the sperm acquire the ability to move progressively. However, after epididymal 
maturation, mammalian sperm are still incapable of fertilizing an egg. In the ‘50s, Chang 23 
and Austin 24 independently reported that mammalian sperm should reside in the female 
tract for an obligatory period of time to acquire ‘fertilizing capacity’ in a process known as 
capacitation. This discovery was essential for the development of mammalian in vitro 
fertilization which was achieved by Chang eight years later 25. Following Chang 23 and 
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Austin 24 pioneering work, capacitation was defined as the physiological processes that 
renders the sperm fertile 26.
Cyclic AMP has been reported to be essential for events occurring during capacitation, 
including activation of motility, changes in the motility pattern known as hyperactivation 
and for development of the ability to undergo the acrosome reaction. There is clear evidence 
that many of the cAMP effects on sperm are mediated by activation of PKA. However, other 
cAMP-binding proteins have been proposed to participate in some of the processes 27. In 
addition, cAMP and its targets regulate a variety of capacitation-induced signaling events 
including: 1) membrane lipid remodeling 28,29; 2) hyperpolarization of the sperm plasma 
membrane 30; 3) increase in intracellular pH 30,31,32,33; 4) increase in intracellular Ca2+ 34; 
and 5) increase in protein tyrosine phosphorylation 35. Although one important aspect of the 
sperm capacitation process is the preparation of the sperm to undergo a physiologically 
relevant exocytotic reaction known as acrosome reaction, the acrosome reaction per se is 
usually considered outside of the capacitation process 36. Therefore, the cAMP action on the 
acrosome reaction will be mentioned independently of capacitation 27,37,38,39,40,41.
Capacitation can be mimicked in simple culture media containing Ca2+, HCO3−, energy 
sources and a cholesterol acceptor that is usually bovine serum albumin. One of the first 
signaling events observed upon exposing sperm to capacitating conditions is a fast increase 
in cAMP content 42. Interestingly, these initial high cAMP levels are rapidly 
reduced 43 for human sperm,44 for boar sperm. Decrease of cAMP levels could be attributed either 
to hydrolysis by phosphodiesterases (see below) or to cAMP extrusion by specific 
transporters 45. As expected, the increase in cAMP immediately activates PKA activity 44. 
Although the first attempts to show PKA activation relied on direct PKA measurements 46, 
more recently, development of antibodies against phosphorylated consensus sequences 
allowed for more precise kinetic studies. In particular, antibodies against phosphorylated 
PKA substrates recognizing either RXXpS/pT or RRXpS/pT were instrumental to 
demonstrate a fast PKA activation 44,47,48,49,50,51. In all mammalian species studied, PKA is 
observed to be at maximum levels in less than a minute of exposure to capacitating 
conditions. This rapid up-regulation of cAMP signaling pathways is induced by HCO3− in 
the capacitation medium, suggesting that it is mediated by sAC 52.
Direct cAMP measurements and Western blots using anti phospho-PKA substrates 
antibodies have been used to reveal how the cAMP pathway is regulated. However, these 
experiments were silent regarding the role of cAMP in sperm function. To study the 
consequences of cAMP increase and PKA activation in sperm, loss and gain of function 
strategies were used. Gain of function experiments compared the sperm response in the 
absence or presence of HCO3−, and also employed a combination of permeable cAMP 
agonists and phosphodiesterase inhibitors to mimic the cAMP response in the absence of an 
upstream stimulus. On the other hand, loss of function was achieved using 
pharmacological 35 and genetic knock-out approaches targeting sAC 52,53,54, the PKA 
catalytic subunit 49 or the anchoring of PKA to A-kinase anchoring proteins (AKAPs) 55. 
Altogether these approaches revealed an essential role of cAMP-signaling pathways, in 
particular of PKA, in the activation of sperm motility and in the induction of a vigorous 
asymmetrical movement (i.e. hyperactivated motility) necessary for sperm to fertilize. 
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Although the role of cAMP in the acrosome reaction is less conclusive, recent work 
presented evidence that the GDP/GTP exchanger EPAC, another target of cAMP is present 
in sperm and is involved in the regulation of the acrosome reaction 37,56. It is still not clear 
whether cAMP synthesis in the sperm anterior head is due to the activity of sAC 37 or 
tmACs 41. In the following sections, we will discuss individually the role of the enzymes 
involved in cAMP signaling.
3. G proteins
A positive correlation between cAMP and mammalian sperm motility has been first 
observed by the group of Henry Lardy in 1971 in bovine samples 57. These first 
investigations were followed by active research on the enzymes involved in cAMP 
synthesis. See Table II for a summarized detail of molecules regulating cAMP levels in 
sperm and corresponding references. Even though cAMP was known to be important for 
sperm physiology, conflicting reports were published regarding the presence and activity of 
tmACs in spermatozoa. These enzymes are both positively and negatively regulated by 
heterotrimeric G proteins, composed of a Gα-subunit and a Gβγ-dimer. The Gα-subunit can 
either stimulate (αs and αolf), or inhibit (αi1, αi2 and αi3) tmACs 58. Activation of the α 
subunit promotes the exchange of bound GDP for GTP. Then, GTP binding alters the 
topology within the Gα-subunit, releasing both an active α-subunit and βγ-dimer from the 
formerly inactive trimeric G protein. Separately, both the α-subunit and βγ-dimer act on 
different downstream effectors, such as phosphodiesterases, phospholipases, ion channels 
and tmACs. Both stimulatory and inhibitory α subunits can be post-translationally modified 
by bacterial toxins. While all Gαi subunits are ADP ribosylated by pertussis toxin, both Gαs 
and Gαolf can be modified by cholera toxin 59,60,61. In both cases, toxin modifications 
inhibit the respective G protein function and can be followed in vitro using the substrate 
NAD(32P). The differential ADP ribosylation properties of G protein α-subunits have been 
used over the years to modulate Gαs and Gαi activities and also as a molecular signature for 
their identification in many cell types 62 including sperm 63,64.
Regarding the presence of G proteins in sperm, few direct experiments have been published. 
A first report by Hildebrandt et al. failed to detect either Gαs or Gαi by ADP ribosylation 
studies in total dog sperm extracts using cholera or pertussis toxins respectively 65. 
Accordingly, Western blots using antibodies raised against Gαs in bovine and human sperm 
also failed to find positive evidence 66,67. However, opposite results can be found in the 
literature; Kopf et al.68, using a modification of the ADP-ribosylation methodology, showed 
that Lubrol PX-extracted 48,000 × g supernatant fractions of sperm from sea urchin, 
abalone, mouse and human contained substrates for ADP-ribosylation by pertussis toxin. 
Moreover, the pertussis toxin substrates were of same molecular weight as that reported for 
Gα i (41 KDa) and could be immunoprecipitated with anti Gαi antibodies 68. It was argued 
that the discrepancy with Hildebrandt et al. 65 was as a result of a detergent extraction 
previous to the ADP-ribosylation, indicating that in the native form, G proteins might be 
masked.
Soon after, Kopf’s results were corroborated in other vertebrate and invertebrate species 69. 
On the other hand, none of the above presented groups were able to detect Gαs in sperm. It 
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was many years later that Fraser and Adeoya-Osiguwa 70 reported the presence of Gαs by 
Western blot analysis. A later report 71 showed that the addition of cholera toxin to cell 
lysates prepared from permeabilized sperm increased cAMP production by 10% suggesting 
that ADP-ribosylation of Gαs by cholera toxin lead to enhanced stimulation of tmAC 
activity. The same group detected positive ADP-ribosylation of Gαs by cholera toxin in 
permeabilized human and mouse sperm, also consistent with the presence of Gαs 71. 
Supporting this conclusion, it was recently shown that a cholera toxin ADP-ribosylation 
substrate protein can be immunoprecipitated from mouse sperm extracts, showing the 
expected molecular weight for Gαs 41. Immunofluorescence experiments localized Gαs only 
to the anterior head of mouse sperm. Moreover, Gαs immunoreactivity was lost in 
acrosome-reacted sperm suggesting that Gαs resides in the acrosomal region 41. 
Unfortunately, in the light of high sequence similarities, the above mentioned techniques did 
not allow to discriminate between Gαs and Gαolf-subunits mainly because: 1) both of them 
can be ADP-ribosylated in the presence of cholera toxin; 2) they are likely to be recognized 
by the same antibodies; and 3) once activated, both can stimulate tmACs. Noteworthy, 
positive data regarding the presence of Gαs in mouse sperm also comes from mass 
spectrometry analyses of sperm protein extracts 72.
Besides Gαs, studies were also conducted to address the presence of Gq, which acts 
stimulating phospholipase Cβ . Immunodetection analysis showed the localization of Gq to 
the anterior acrosomal region of mouse 73 and equatorial segment of human sperm 74 
suggesting that it might have a role in acrosomal exocytosis. Recently, another Gα member, 
Gα13 (akaGNA13) has been identified in bovine sperm by Western blot 75. Their roles in 
sperm physiology are yet to be determined.
4. cAMP synthesis: soluble and transmembrane adenylyl cyclases
4.1. sAC
Multiple studies have shown that sperm capacitation is a HCO3− and Ca2+-dependent 
process 29,76,77,78,79,80. The first connection between HCO3−, Ca2+ and cAMP metabolism 
was demonstrated by the Garbers group 81. In this manuscript it was shown that in the 
presence of HCO3−, extracellular Ca2+ increases intracellular cAMP within 1 min in guinea 
pig spermatozoa. When either HCO3− or Ca2+ was removed from the medium, only a 
slightly increase of cAMP was observed. Later on, Okamura and collaborators 82 reported 
that a low molecular weight factor present in boar semen was able to induce pig sperm 
motility. The low molecular weight molecule was later identified as HCO3− and was shown 
to directly activate adenylyl cyclase activity and consequently increase cAMP levels in 
sperm 83. Similar results were later reported in bovine and hamster spermatozoa 84,85. 
Independently of these reports, other groups have described the presence of a soluble 
adenylyl cyclase in testicular extracts 13,86. This enzyme activity presented certain properties 
similar to the particulate sperm enzyme. Analogous to the sperm adenylyl cyclase, the 
soluble testicular enzyme did not appear to be responsive to G proteins and was more active 
when assayed in the presence of Mn2+ than in the presence of Mg2+ 86. Using a biochemical 
approach, the group of Drs. Lonny Levin and Jochen Buck 6 purified a protein responsible 
for the soluble cyclase activity from 950 rat testes and microsequenced it by mass 
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spectrometry. The derived peptide sequence was used to build degenerate primers to clone 
the enzyme. In a follow-up manuscript, they demonstrated that the testicular sAC is present 
in sperm and that it is responsive to HCO3− 10. The elucidated sequence revealed 
conservation throughout evolution. Most interestingly, the sAC catalytic domain presents 
homology to cyanobacterial adenylyl cyclase which is also HCO3−-dependent 10,32. 
Bicarbonate stimulates the enzyme’s Vmax 12 by fostering a conformational rearrangement 
of the active site, allowing a Mg2+-ATP to properly interact with it 87. The sensitivity to 
HCO3−, turns sAC into a CO2 sensor widely distributed in nature. Interestingly, sAC can 
also function as a pH sensor, due to the effect of pH on the CO2/HCO3− equilibrium 88. 
Thus, alkalinization of the intracellular milieu during capacitation might also be expected to 
impact on sAC activity, through modulation of HCO3− levels. As mentioned, cAMP levels 
peak at 1 min after sperm exposure to HCO3− 43,89 and then return to basal levels over the 
incubation period. A self-regulatory loop has been proposed in which PKA exerts a negative 
feedback on sAC activity 90,91,92. A self-regulatory loop has been proposed in which PKA 
phosphorylates sAC or an intermediary protein, exerting a negative feedback on its activity. 
In addition to responding to HCO3−, sAC is also a Ca2+ sensor. In the presence of Ca2+, the 
Km for Mg2+-ATP is reduced to levels that are close to the ATP concentration found in 
cells, turning sAC into a signal transducer highly sensitive to physiologically changes of 
HCO3− 93. Finally, it is important to consider that although sAC was originally found in the 
testicular soluble fraction, the HCO3− dependent adenylyl cyclase activity in mature sperm 
is associated with the plasma membrane 85. More research is needed to understand the 
nature of this association and how sAC is transferred from the soluble to the particulate 
fraction during spermiogenesis or epididymal maturation. Alternatively, sAC could be 
represented by two populations: a soluble and a particulate one.
Although the aforementioned works strongly suggested a role of sAC in sperm motility, loss 
of function experiments were needed to conclusively demonstrate its role in sperm 
capacitation. To obliterate sAC function genetic and pharmacological approaches were used. 
First, elimination of the sAC gene by homologous recombination resulted in a sterile 
phenotype 52,53. Sperm from the sAC knock-out were immotile and were unable to undergo 
the cAMP/PKA-dependent increase in tyrosine phosphorylation associated with the 
capacitation process 52. In addition, basal levels of cAMP in sAC−/− sperm were under 
detection limits when these cells were incubated in capacitation-supporting media 
containing HCO3− 41 . Second, sAC was used as bait in high throughput assays designed to 
find small molecules which specifically inhibit sAC. The first compound found, KH7, was a 
competitive inhibitor with Mg2+-ATP and blocked recombinant sAC activity with an IC50 of 
10 µM 94. KH7 was then used in sperm and was shown to block cAMP production, the 
increase in tyrosine phosphorylation and sperm motility 52. Altogether, these results are 
consistent with the hypothesis that sAC mediates the HCO3−-induced increase in cAMP 
necessary to initiate capacitation. Moreover, in the absence of sAC, sperm have reduced 
ATP levels, do not undergo hyperactivation and failed to fertilize in vitro 52,54.
4.2. tmACs
The presence of tmAC isoforms in sperm has been investigated using enzymatic assays 95, 
immunological approaches 95, mass spectrometry 72 and genetic knock-outs 96. Despite 
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these efforts, contrary to sAC, the function as well as the presence of tmACs in mammalian 
sperm remains controversial. Although some studies presented evidence of their presence in 
mammalian gametes 41,96,97,98,99,100, others reported negative results 65,89,101,102,103,104,105 
(see Brenker et al 89 for a thorough discussion of these arguments). In many of these studies, 
the authors used the diterpene, forskolin, which known to increase cAMP levels in most cell 
types as a surrogate to identify the presence of tmAC activity. Initially described by Seamon 
and Daly 106,107, forskolin activates all tmACs except Adcy9. Most importantly, forskolin 
does not stimulate sAC activity. In mammalian sperm incubated with forskolin, several 
groups were unable to observe an increase in cAMP 11,52,89,104,105,108. However, other 
groups reported a forskolin-dependent elevation of intracellular cAMP 
concentrations 41,71,95,96. These last results were in agreement with data from Leclerc and 
Kopf 99,109 which showed a forskolin effect in adenylyl cyclase activity assayed in 
membrane fractions of capacitated mouse sperm. Interestingly, this work also showed an 
effect of both GTP analogues and mastoparan, a wasp venom toxin known to activate G 
proteins. Considering the abundance of sAC, one possibility is that the effect of forskolin in 
mammalian sperm is masked by higher levels of endogenous forskolin-independent cAMP 
synthesis. Considering this possibility, our group recently showed that forskolin increased 
cAMP levels in sperm from sAC knock-out mice 41.
Despite these data, little is known regarding the function of specific tmACs in sperm. 
Considering that tmACs are regulated by G proteins, the finding of Gαs only in the sperm 
acrosome 41 suggests that tmACs have a role in the acrosome reaction. Consistently, 
incubation with forskolin stimulated the acrosome reaction in capacitated mouse sperm and, 
in addition, induced an increase in intracellular Ca2+ concentration 41 . Because tmACs may 
have overlapping functions in many cell types, it is difficult to pinpoint the specific isoform 
involved in a given process. Due to the low abundance of tmACs in sperm and the lack of 
good specific antibodies, results on specific isoforms in sperm have been inconclusive 95. 
Regarding loss of function experiments, in addition to sAC knock-out mice 52, only Adcy3-
null mice are infertile 96. Knockout mice for Adcy1, 5, 6 and 8 are fertile; Adcy7 knock-out 
shows complete postnatal lethality 110 and null mice for Adcy2 and Adcy9 have not yet been 
produced. In the case of Adcy3 null mice, the ability of their sperm to penetrate cumulus-
enclosed oocytes in vitro is compromised 96.
5. cAMP Degradation: Phosphodiesterases in sperm physiology
Levels of intracellular cAMP are highly dynamic; its availability depends on the concerted 
action of both synthesis and degradation. In sperm, addition of permeable cAMP analogues 
trigger capacitation-associated events 111. However, in many cases, depending on the 
species, no matter how high the concentration of permeable cAMP analogues are used, 
unless phosphodiesterases (PDE) inhibitors are added, no effect is observed. In mammals, 
20 genes grouped in 11 PDE families have been described. Each PDE family shows 
different substrate specificity and pharmacological sensitivity. PDE4, PDE7, and PDE8 
family members are more efficient hydrolyzing cAMP, whereas PDE5, PDE6, and PDE9 are 
cGMP-specific. On the other hand, PDE1, PDE2, PDE3, PDE10, and PDE11 are active 
toward both cAMP and cGMP 112. In sperm, PDE1 was first reported by Wasco and Orr 113 
and shown to be stimulated by calmodulin and to associate with the head and tailpieces of 
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demembranated rat caudal epididymal sperm. Using immunological techniques, six 
additional PDE types have been shown to be present in mammalian sperm (1, 4, 6, 8, 10 and 
11) 114. Inhibition of either PDE1 (by MMPX) or PDE4 (by RS-25344, Rolipram ) 
augmented intracellular levels of cAMP 114. In human sperm, inhibition of PDE4 by 
RS-25344 and Rolipram enhanced sperm motility without affecting the acrosome 
reaction 115. On the other hand, PDE1 inhibitors selectively stimulated the acrosome 
reaction 115. Although more research is needed, these results are consistent with the 
hypothesis that, in sperm, the molecules involved in cAMP signaling which include adenylyl 
cyclases, phosphodiesterases and cAMP targets are readily compartmentalized and regulate 
different sperm processes, some in the head (e.g. acrosome reaction); and some in the tail 
(e.g. regulation of motility). This compartmentalization would be possible through local 
cAMP generation within independently regulated microdomains. It can be hypothesized that 
a variety of cAMP modules are modulated by AKAPs (see below), which tether not only 
PKA but many enzymes and substrates to specific cell locations 116. Among these tethered 
enzymes, PDEs can function to prevent cAMP diffusion, reinforcing barriers between 
microdomains. In the light of the restricted cAMP microdomains hypotheses, conclusions 
from experiments in which sperm are flooded with permeable cAMP agonists should be 
carefully analyzed.
6. cAMP-dependent protein kinase (PKA)
The best characterized cAMP target is the holoenzyme PKA, which is essential in both, 
sperm and egg biology 90. Please see Table III for a complete list of known cAMP targets in 
sperm. PKA is a heterotetramer composed of two catalytic subunits (C) containing the 
enzyme‘s active site, and two regulatory subunits (R), which block PKA activity when 
bound to the C subunit. The active catalytic subunit is dissociated as an active kinase upon 
cAMP binding to R subunits. In mammals, there are four R (RIα, RIβ, RIIα and RIIβ) and 
five C genes (PRKACA, PRKACB, PRKACG, PRKX, and PRKY). Expression of C genes 
gives rise to isoforms Cα, Cβ, Cɣ, PRKX and PRKY 117. However, the functions of PRKX, 
PRKY and Cɣ are not known. Interestingly, Cɣ is an intronless gene exclusively expressed 
in the testis 117,118. Cα and Cβ can combine with the different R subunits to form a variety 
of PKA holoenzymes. Added to this complexity is the finding that both Cα and Cβ can be 
found as alternative spliced variants. While Cβ has at least ten different variants, Cα has 
only two (Cα1 and Cα2).
Because mature sperm are transcriptionally and translationally inactive, gene expression 
studies are usually conducted in testicular germ cells 90. Throughout spermatogenesis, only 
RIα, RIIα, Cα1, Cα2 and Cɣ mRNAs are found. Interestingly, while RIα is expressed in all 
germ cell stages, RIIα expression patterns are restricted to later stages suggesting a role in 
sperm function. Regarding the C subunits, Cα1 is expressed in spermatogonias which 
correspond to the mitotic stages of spermatogenesis; however, the Cα1 expression declines 
in meiotic spermatocytes and is completely replaced by splice variant Cα2 in pachytene 
spermatocytes and in spermatids. Cα2 contains 7 unique amino acids in the N-terminal 
domain and lack the myristylation site present in Cα1. It has been proposed that these 
changes may confer special properties to the PKA holoenzyme in the sperm. Finally, 
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although Cɣ mRNA is found in testicular germ cells, protein expression of this mRNA has 
not been demonstrated yet.
As mentioned above, as soon as the sperm comes in contact with HCO3− in the seminal 
plasma there is a rapid increase in cAMP synthesis mediated by sAC. Design of antibodies 
against PKA substrate consensus phosphorylation sites has permitted the kinetics of PKA 
activation in sperm to be monitored. Using these antibodies, it was shown in sperm from 
different species that PKA activity reaches maximum activity in less than 1 min after 
exposure to HCO3− 43,44,48. The role of HCO3− in this activation strongly suggests that sAC 
is the adenylyl cyclase involved in this effect. This conclusion is also supported by the lack 
of effect of forskolin on PKA activation and by the finding that, while Gαs localized to the 
sperm anterior head, the PKA catalytic subunit is only found in the flagellum 41. The role of 
cAMP in the regulation of sperm capacitation has been supported using a battery of 
inhibitors such as H89, rpScAMP and a permeable stearated version of the peptide protein 
kinase inhibitor PKI 35,119. In particular, it is well established that PKA activation is 
upstream the regulation of other signaling events involved in capacitation (see below). 
However, although PKA activation is a fast event, it should be noted that some of these 
PKA-dependent signaling pathways known to be downstream of PKA activation such as the 
increase in protein tyrosine phosphorylation and the induction of hyperactivated motility are 
slow processes 120. The delayed effects of cAMP-dependent pathways suggest that PKA 
action on this pathway is not direct.
The pharmacological approaches have been later validated using genetic knock-out models. 
Although elimination of the whole Cα gene by homologous recombination resulted in 
infertile sperm 121, these mice have many other defects that preclude an accurate assessment 
of the reproductive phenotype. Considering that Cα2 is the only C subunit present in mature 
mammalian sperm 91,122, it was possible to obliterate PKA activity specifically from sperm 
by eliminating the unique N-terminus Cα2 exon by homologous recombination. These mice, 
containing a functional somatic Cα1, have only a reproductive phenotype. They are sterile 
and the infertile phenotype is related to defects in sperm motility and capacitation 91. 121 On 
the other hand, target disruption of the type IIα regulatory subunit (RIIα) resulted in a 
compensatory increase of RIα protein and a dramatic relocalization of PKA such that the 
majority of the holoenzyme now appears in the soluble fraction and colocalizes to the 
cytoplasmic droplet. Unexpectedly the RIIα null mice are fertile and have no significant 
effect on sperm motility 123. Further confirmation of the role of Cα2 in sperm motility was 
achieved by a pharmacological and genetics combined approach. First described by Bishop 
et al. 124, this approach consists of a point mutation of the ATP binding domain of a given 
protein kinase, changing a specific amino acid of the ATP binding site for a smaller one 
such as alanine or glycine. This mutation makes the respective protein kinase sensitive to 
bulky ATP competitive inhibitors which otherwise cannot block the wild type kinase 
activity. Morgan et al. 49 used a knock-in approach to swap the endogenous Cα gene for one 
in which the “gate-keeper” methione had been mutated to alanine (called CαM120A). Sperm 
from the mutant Cα but not those from wild type mice were sensitive to the bulky inhibitor 
NMPP1 49. As expected, NMPP1 blocked PKA activation in the mutant sperm; in addition, 
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this compound inhibited the HCO3− -dependent increase in flagellar beat frequency and the 
downstream increase in tyrosine phosphorylation. 49.
Similar to other protein kinases and phosphoprotein phosphatases, PKA has multiple 
substrates. This property highlights an important problem in signal transduction: How is the 
phosphorylated state of a given substrate regulated without affecting the phosphorylation 
state of other possible substrates? One answer to this question was given by the discovery of 
proteins that can anchor PKA. These proteins are known as AKAPs (for A Kinase 
Anchoring Proteins) for review see 116 and references therein AKAPs are a family of proteins that 
anchor the regulatory subunit of PKA, confining its activity to discrete locations within the 
cell, crucial for successful localized signaling activity of PKA and other enzymes 116,125. 
Although AKAPs can bind a series of enzymes allowing scaffolding of many signaling 
pathways, their discovery was facilitated by the AKAP property of binding RII PKA 
subunits in vitro. Using RII binding assays, two sperm-specific AKAPs were described, 
AKAP3 126,127,128 and AKAP4 129. These proteins are distributed throughout the sperm 
flagellum, and have been found to become phosphorylated during 
capacitation 129,130,131,132. The role of these phosphorylations has not yet been elucidated 
but it has been proposed that these post translational modifications may regulate the activity 
or localization of different signaling complexes needed for sperm capacitation.
AKAPs role in sperm was analyzed using modified permeable peptides such as St-Ht31. 
This inhibitor peptide is a stearated form of the peptide Ht-31 derived from the human 
thyroid AKAP and inhibits the interaction between the RII subunit of PKA and AKAP in 
cell extracts. This peptide has been first used to study PKA signaling in sperm 119,133, and 
later expanded to other cell types. The stearated peptide HT31 impairs sperm motility and 
the onset of signaling pathways associated with sperm capacitation 47,119,134. Interestingly, 
this blocking peptide produced a stronger inhibition of motility that obtained solely with the 
use of PKA inhibitors such as H89. The blocking peptide St-Ht31 was designed to mimic 
the RII sequence that binds to AKAPs. Homologous RII sequences can be found in other 
proteins and this AKAP-interacting domain has been named R2D2 135. Therefore, the 
stronger phenotype from St-Ht31 has been attributed to the combined disruption of other 
R2D2-containing proteins present in sperm cells 126,136 The role of AKAPs in sperm 
physiology has been also validated using knock out models. Sperm lacking AKAP4 are 
infertile and present morphological flagellar defects an reduced progressive motility due to 
the role of this protein in tail assembly 55. Sperm numbers were not reduced in male mice 
lacking AKAP4 but proteins usually associated with the fibrous sheath were absent or 
substantially reduced in amount. Other cytoskeletal components of the tail appeared fully 
developed.
7. Other targets of cAMP in spermatozoa
In addition to PKA, cAMP is able to bind and regulate other proteins. These proteins are 
characterized by a cyclic nucleotide binding domain (CNBD) characterized by depicting a 
conserved structure which binds cyclic nucleotides and differs in their specificity towards 
cAMP and cGMP. CNBD-containing proteins are involved in signaling. Some of the best 
characterized belong to the families of phosphodiesterases, ion channels and G protein 
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exchange factors. CNBD-containing proteins have been identified in mammalian sperm and 
shown to play a role in the regulation of different aspects of sperm function.
Cyclic nucleotide-gated channels (CNGc) are ion channels whose activity responds to the 
binding of cyclic nucleotides. These channels result from the combination of two α subunits 
(CNGα1 to 4) and two β subunits (CNGβ1 to 3), which are differentially expressed in 
different tissues 137. These channels have been long known for participating in sensory 
transduction processes, but their function in other tissues is not well established yet. From a 
structural point of view, each subunit possesses six transmembrane segments and a single 
cyclic nucleotide-binding site near the C- terminal region of the protein 138,139. Binding of 
cAMP or cGMP to nucleotide binding domain promotes the opening of the CNG channels. 
Depending on subunit combinations, CNGc displays differential selectivity towards cAMP 
or cGMP 140 and often carry inward Na+ and Ca2+ currents 141.
The role of these channels in mammalian sperm capacitation is not clear. However, their 
role in sea urchin sperm chemotaxis is well known 142,143. Interestingly, the first sperm ion 
channel cloned from mouse testis was a CNG channel 144. After this discovery, others have 
been cloned 145 . The α3 and β1 subunits were localized to the flagellum of mouse 
spermatozoa 145. Addition of permeable cGMP analogues to murine sperm results in an 
increase of intracellular Ca2+ 146. The same effect was observed with permeable cAMP 
analogues, but with less effectiveness than with cGMP analogues 147. Even though CNGc 
were originally proposed to carry Ca2+ inward currents upon direct stimulation with cAMP/
cGMP 146, it was later shown that sperm lacking the sperm specific Ca2+ channel CatSper 
do not show this response, even though CNGc are still present 148. Currently the role of 
CNG channels in sperm physiology is not clear because mice bearing targeted deletion of α3 
showed normal fertility rates 149.
Another cAMP effector is the exchange protein directly activated by cAMP (Epac). Epac is 
a Rap-specific guanine-nucleotide exchange factor that is activated by the interaction of 
cAMP with the cyclic nucleotide monophosphate-binding domain 2,3. Epac1 and Epac2, the 
two isoforms so far described in mammalian cells, possess a regulatory and a catalytic 
region in the N- and C-terminal segments respectively. The regulatory domain contains the 
cAMP binding site, which in the absence of cAMP, self inhibits its catalytic activity 150. In 
sperm, EPAC has been shown to be present using immunological as well as 
pharmacological approaches.
Epac1 and Epac2 have been detected by immunoblotting in sperm from different species 
including human 27,56,151,152. In addition, immunofluorescence experiments suggested that 
these proteins localize to the sperm head. In addition, the Epac G protein target Rap1A was 
also found to be present in sperm 56,151. Functionally, the Epac-selective 8-(p-
chlorophenylthio)-2′-O-methyladenosine-3′,5′-cyclic monophosphate (8-pCPT-2-O-Me-
cAMP) analogue is routinely used to stimulate Epac without inducing PKA activation. This 
cAMP analogue induced the acrosome reaction in permeabilized human sperm in a Ca2+-
independent manner 27. These data suggest that extracellular Ca2+ entry might be upstream 
of Epac activation. Moreover, using a streptolysin-permeabilized sperm model, it was shown 
that addition of Ca2+ failed to trigger acrosomal exocytosis when intracellular cAMP was 
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depleted by phosphodiesterase activity or when Epac was sequestered by specific blocking 
antibodies 27. Interestingly, the PKA catalytic subunit was not found in the sperm head 41 
indicating that the effect of cAMP in the sperm head is PKA-independent and suggesting a 
role for alternative targets such as Epac in the regulation of the acrosome reaction. A third 
CNBD protein known to be present in mouse sperm is a specific member of the mammalian 
NHE superfamily of Na+/H+ exchangers, sNHE 31. This exchanger localized to the principal 
piece of the sperm flagellum, and is predicted to contain 14 putative transmembrane 
segments, although its actual topology remains to be determined. One key feature of this 
exchanger is that close to its intracellular C-terminus, there is a nucleotide-binding domain 
indicating that modulation by cyclic nucleotides might also be functional 31. Targeted 
deletion of sNHE gene results in infertility 31. Homozygous-null males mated with females, 
produced vaginal plugs with the same frequency as wild-type males, but did not result in 
pups. Interestingly, sperm from sNHE null mice lack motility but either permeable cAMP 
analogs or NH4Cl rescues this phenotype. Later reports from the same group showed that 
sNHE is necessary for the full length expression of SACY suggesting that these two proteins 
may form a protein complex involved in sperm intracellular pH (pHi) control 32. Regulation 
of sperm pHi is fundamental for motility, capacitation, and acrosome reaction in different 
mammalian species 30,33,153. It has been proposed that cAMP affects the sperm pHi by 
controlling the sperm-specific Na+/H+ exchanger through its cAMP-binding domain 20.
Finally, a novel CNBD containing protein named CRIS (for cyclic nucleotide receptor 
involved in sperm function) has been recently identified 154. CRIS is exclusively expressed 
in testicular germ cells while it is not present in mature sperm. Interestingly, mouse genetic 
models lacking CRIS are either infertile or subfertile. While infertility is related to 
spermatogenic arrest, some of the mice completed this process and contain sperm in their 
epididymis. These sperm, however, have defects in motility due to problems in Ca2+ 
transport and flagellar bending. At present, the role of cAMP in CRIS regulation has not 
been established.
8. cAMP-dependent signalling pathways
In the previous sections, we have reviewed the current knowledge on those enzymes that 
directly participate in cAMP metabolism in sperm. We have also summarized the role of 
these enzymes and of cAMP in the physiology of the sperm, in particular in sperm 
capacitation and the acrosome reaction. As mentioned in several sections, sAC is stimulated 
immediately after the sperm is exposed to HCO3− upon ejaculation. In addition, the 
relevance of sAC, intracellular cAMP concentrations and the consequent PKA activation in 
the regulation of the sperm fertilizing capacity is well established. However, less is known 
about those pathways downstream of cAMP and PKA. In the following sections we will 
address some of these signaling events.
8.1. Lipid remodeling
Similar than what occurs in somatic cells, sperm phospholipids are distributed 
asymmetrically within the plasma membrane 155 by the concerted activity of several 
phospholipid transferases. An aminophospholipid transferase that moves phosphatidylserine 
and phosphatidylethanolamine from the outer to the inner leaflet 156, a non-specific 
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transferase (floppase) that transfers phospholipids from the inner to the outer leaflet and a 
scramblase that moves all phospholipids in both directions. The increase of scramblase 
isoform 1 activity was observed during sperm capacitation associated with phospholipids 
scrambling 157. This change in asymmetry is stimulated by HCO3− through sAC and the 
cAMP/PKA pathway, and promotes a fast exposure of phosphatydyl ethanolamine and 
phosphatidyl serine not related to apoptosis 157. Regarding the functional implications of 
this event, it has been proposed that phospholipid scrambling facilitates cholesterol efflux, 
an event required for capacitation 158,159.
8.2. Increase in tyrosine phosphorylation
Capacitation can be mimicked in vitro in a simple medium containing a combination of ions 
such as Na+, Cl−, Ca2+ and HCO3−, energy substrates such as glucose and a cholesterol 
acceptor (usually bovine serum albumin). Absence of any of these molecules prevents the 
sperm from acquiring fertilizing capacity. Omission of any of these molecules also blocks an 
increase in tyrosine phosphorylation 80,92,160,161. The capacitation-associated increase in 
mouse sperm tyrosine phosphorylation is downstream of a cAMP/PKA-dependent 
pathway 35 and is also the case for capacitation in sperm from other mammalian species 
including human 130,162,163,164. Because forskolin is unable to induce this pathways, it is 
clear that the only AC involved in the regulation of tyrosine phosphorylation is sAC 41. 
Although the role of PKA upstream this pathway the mechanism by which PKA activates 
tyrosine phosphorylation is not known. Considering that PKA is a ser/thr protein kinase, it is 
clear that a tyrosine kinase should mediate the role of PKA. However, the identity of this 
tyrosine kinase has not been conclusively elucidated yet. One of the candidates proposed is 
cSrc 165. However, sperm from cSrc null mice undergo tyrosine phosphorylation to similar 
levels than the ones observed in wild type sperm 48,166. In addition, the cSrc family kinases 
(SFK) inhibitors SKI606 and SU6656 also blocked phosphorylation of PKA substrates. 
Interestingly, both PKA and tyrosine phosphorylation pathways were recovered in the 
presence of 0.1 nM of okadaic acid. This reversal of SFK inhibition by addition of okadaic 
acid strongly suggests that the role of SFK in capacitation is mediated by down-regulation of 
a ser/thr phosphatase. Consistently, it has been shown in other cell types that SFKs can 
inactivate PP2A by tyrosine phosphorylation of its C-terminus domain (TPDYFL)167,168,169.
More recently, a second family of tyrosine kinases has been proposed to mediate the role of 
PKA in sperm tyrosine phosphorylation 170. The inhibitor PF-431396 has high specificity 
for members of the focal adhesion kinases, FAK1 and FAK2 (aka PYK2). It was shown that 
this inhibitor blocks the increase in tyrosine phosphorylation in horse sperm 170. Moreover, 
anti-phospho antibodies recognizing activated FAK1 and PYK2 forms detected proteins in 
capacitated stallion sperm. More research is needed to understand the mechanism of action 
of these kinases and whether their action is downstream or upstream cAMP-dependent 
pathways.
8.3. Crosstalk between cAMP and Ca2+ pathways
There is a complex interaction between the regulation of cAMP and Ca2+-dependent 
pathways. In mouse sperm, the cAMP-dependent increase in tyrosine phosphorylation does 
not occur in Ca2+-free media. However, in human sperm, the tyrosine phosphorylation is up-
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regulated under these conditions 171. These different effects of Ca2+ in the regulation of 
cAMP-dependent pathways are not surprising. On one hand, Ca2+ is known to activate sAC 
and consequently positively modulate cAMP synthesis; on the other hand, Ca2+ also 
activates calmodulin-dependent enzymes including PDE1; therefore Ca2+ can also stimulate 
cAMP degradation. Added to the Ca2+ modulation of cAMP synthesis and degradation, it 
has also been shown that addition of cGMP or cAMP induces a fast increase in intracellular 
Ca2+ 147,148,172,173,174,175. Although this increase was initially believed to be mediated by 
cyclic nucleotide-dependent channels, it has been recently shown that cAMP and cGMP 
analogues can directly and promiscuously activate Catsper from outside the cell 89. The 
same authors demonstrated that intracellular elevation of cAMP levels using either HCO3-, 
IBMX or caged cAMP compounds is unable to induce intracellular Ca2+ elevations 105. 
Finally, it is well established using pharmacological and genetic knock-out approaches that 
Ca2+ and cAMP are required for the sperm to undergo hyperactivated motility necessary for 
spermatozoa to fertilize the egg. Therefore, a crosstalk between these pathways has been 
proposed. Consistent with a role of cAMP upstream of Ca2+ signaling, when intracellular 
Ca2+ is transiently increased by exposing sperm for 10 min to Ca2+ ionophore A23187, 
sperm acquired fertilizing capacity when incubated in either the absence of HCO3− or in the 
presence of H89 34. These experiments indicate that Ca2+ can overcome the need for PKA 
activation during capacitation. Altogether, results from Brenker et al 89 indicates that there 
is no direct role of cAMP in the regulation of intracellular Ca2+. However, similarly to the 
cAMP involvement in tyrosine phosphorylation, Ca2+ pathways required for the sperm to 
achieve fertilizing capacity could be indirectly regulated downstream of cAMP production 
in a slow time-scale (see above).
8.4. Autocrine and paracrine cAMP signaling
As described throughout this review, many events that occur during capacitation rely on an 
increase in intracellular cAMP. Interestingly, the expression of members of the multidrug 
resistance-associated proteins (MRPs) family has been reported in mammalian sperm 45. 
MRPs, also members of the ATP binding cassette (ABC) transporter subfamily C, are 
known to actively transport cAMP and cGMP and other small non-structurally-related 
compounds to the extracellular environment One member of this family, MRP4 is localized 
to the sperm flagellum and to the post acrosomal region of bovine sperm 45. In addition, this 
work showed that cAMP is extruded to the extracellular milieu and that MRP inhibition by 
probenecid abolished this efflux resulting in the accumulation of intracellular cAMP. 
Interestingly, these authors presented evidence indicating that extracellular cAMP mediates 
some of the events associated with sperm capacitation through the activation of adenosine 
receptors. The action of extracellular cAMP as a modulator of sperm capacitation may 
suggest a possible paracrine or autocrine modulation of the capacitation process. Further 
experimentation is necessary to understand this mechanism and its relevance in the 
physiological context of in vivo capacitation.
9. Conclusions
Initiated by the discovery of sperm capacitation more than 50 years ago, investigations in 
sperm physiology have been fundamental for the advances in reproductive medicine. 
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Despite these advances, many translational challenges remain in the clinic, in male 
contraception and in the development of reliable in vitro fertilization protocols for many 
mammalian species. The central role of sAC in the fast up-regulation of cAMP and 
consequently in sperm capacitation is well established. Figure 1 illustrates the main 
pathways of sperm capacitation where cAMP is directly involved. As mentioned throughout 
the review, the essential nature of cAMP in this process has been demonstrated using gain of 
function as well as loss of function approaches. However, many questions remain 
unanswered, among them: which is the molecular basis for sAC inactivation by PKA? What 
is the reason for the significant temporal lag between PKA activation and the onset of other 
downstream pathways? What are the identities of PKA substrates? How are the cAMP 
microdomains established and compartmentalized in the sperm? New research using novel 
technologies and molecular strategies that will help to answer these questions and 
understand the molecular mechanisms involved in sperm capacitation.
Acknowledgements
This work was supported by NIH R01-TW008662 and Agencia Nacional de Promoción Científica y Tecnológica de 
Argentina PICT 2012-1175 (to MGB) and PICT 2011-0540 (to DK), NIH R01 HD44044 and HD038082 (to PEV), 
National Research Council of Argentina PIP 112-201101-00740 (to MGB and DK).
References
1. Sutherland EW, Rall TW. Fractionation and Characterization of a Cyclic Adenine Ribonucleotide 
Formed by Tissue Particles. J. Biol. Chem. 1958; 232:1077–1091. [PubMed: 13549488] 
2. Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, Matsuda M, Housman DE, Graybiel 
AM. A Family of CAMP-Binding Proteins That Directly Activate Rap1. Science. 1998; 282:2275–
2279. [PubMed: 9856955] 
3. de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wittinghofer A, Bos JL. Epac Is a 
Rap1 Guanine-Nucleotide-Exchange Factor Directly Activated by Cyclic AMP. Nature. 1998; 
396:474–477. [PubMed: 9853756] 
4. Ludwig J, Margalit T, Eismann E, Lancet D, Kaupp UB. Primary Structure of CAMP-Gated 
Channel From Bovine Olfactory Epithelium. FEBS Lett. 1990; 270:24–29. [PubMed: 1699793] 
5. Dessauer CW, Scully TT, Gilman AG. Interactions of Forskolin and ATP With the Cytosolic 
Domains of Mammalian Adenylyl Cyclase. J. Biol. Chem. 1997; 272:22272–22277. [PubMed: 
9268376] 
6. Buck J, Sinclair ML, Schapal L, Cann MJ, Levin LR. Cytosolic Adenylyl Cyclase Defines a Unique 
Signaling Molecule in Mammals. Proc. Natl. Acad. Sci. U. S. A. 1999; 96:79–84. [PubMed: 
9874775] 
7. Geng W, Wang Z, Zhang J, Reed BY, Pak CY, Moe OW. Cloning and Characterization of the 
Human Soluble Adenylyl Cyclase. Am. J. Physiol Cell Physiol. 2005; 288:C1305–C1316. 
[PubMed: 15659711] 
8. Jaiswal BS, Conti M. Identification and Functional Analysis of Splice Variants of the Germ Cell 
Soluble Adenylyl Cyclase. J. Biol. Chem. 2001; 276:31698–31708. [PubMed: 11423534] 
9. Chaloupka JA, Bullock SA, Iourgenko V, Levin LR, Buck J. Autoinhibitory Regulation of Soluble 
Adenylyl Cyclase. Mol. Reprod. Dev. 2006; 73:361–368. [PubMed: 16250004] 
10. Chen Y, Cann MJ, Litvin TN, Iourgenko V, Sinclair ML, Levin LR, Buck J. Soluble Adenylyl 
Cyclase As an Evolutionarily Conserved Bicarbonate Sensor. Science. 2000; 289:625–628. 
[PubMed: 10915626] 
11. Jaiswal BS, Conti M. Calcium Regulation of the Soluble Adenylyl Cyclase Expressed in 
Mammalian Spermatozoa. Proc. Natl. Acad. Sci. U. S. A. 2003; 100:10676–10681. [PubMed: 
12958208] 
Buffone et al. Page 15













12. Litvin TN, Kamenetsky M, Zarifyan A, Buck J, Levin LR. Kinetic Properties of "Soluble" 
Adenylyl Cyclase. Synergism Between Calcium and Bicarbonate. J. Biol. Chem. 2003; 
278:15922–15926. [PubMed: 12609998] 
13. Braun T, Dods RF. Development of a Mn-2+-Sensitive, "Soluble" Adenylate Cyclase in Rat Testis. 
Proc. Natl. Acad. Sci. U. S. A. 1975; 72:1097–1101. [PubMed: 1055368] 
14. Abou-haila A, Tulsiani DR. Signal Transduction Pathways That Regulate Sperm Capacitation and 
the Acrosome Reaction. Arch. Biochem. Biophys. 2009; 485:72–81. [PubMed: 19217882] 
15. Aitken RJ, Baker MA. The Role of Proteomics in Understanding Sperm Cell Biology. Int. J. 
Androl. 2008; 31:295–302. [PubMed: 18179557] 
16. Brewis IA, Gadella BM. Sperm Surface Proteomics: From Protein Lists to Biological Function. 
Mol. Hum. Reprod. 2010; 16:68–79. [PubMed: 19717474] 
17. Darszon A, Labarca P, Nishigaki T, Espinosa F. Ion Channels in Sperm Physiology. Physiol Rev. 
1999; 79:481–510. [PubMed: 10221988] 
18. Fraser LR. The "Switching on" of Mammalian Spermatozoa: Molecular Events Involved in 
Promotion and Regulation of Capacitation. Mol. Reprod. Dev. 2010; 77:197–208. [PubMed: 
19908247] 
19. Buffone MG, Ijiri TW, Cao W, Merdiushev T, Aghajanian HK, Gerton GL. Heads or Tails? 
Structural Events and Molecular Mechanisms That Promote Mammalian Sperm Acrosomal 
Exocytosis and Motility. Mol. Reprod. Dev. 2012; 79:4–18. [PubMed: 22031228] 
20. Lishko PV, Kirichok Y, Ren D, Navarro B, Chung JJ, Clapham DE. The Control of Male Fertility 
by Spermatozoan Ion Channels. Annu. Rev. Physiol. 2012; 74:453–475. [PubMed: 22017176] 
21. Visconti PE, Krapf D, De LaVega-Beltran JL, Acevedo JJ, Darszon A. Ion Channels, 
Phosphorylation and Mammalian Sperm Capacitation. Asian J. Androl. 2011; 13:395–405. 
[PubMed: 21540868] 
22. Bailey JL. Factors Regulating Sperm Capacitation. Syst. Biol. Reprod. Med. 2010; 56:334–348. 
[PubMed: 20849222] 
23. Chang MC. Fertilizing Capacity of Spermatozoa Deposited into the Fallopian Tubes. Nature. 1951; 
168:697–698. [PubMed: 14882325] 
24. Austin CR. The Capacitation of the Mammalian Sperm. Nature. 1952; 170:326. [PubMed: 
12993150] 
25. Chang MC. Fertilization of Rabbit Ova in Vitro. Nature. 1959; 184(Suppl 7):466–467. [PubMed: 
13809155] 
26. Yanagimachi, R. Physiology of Reproduction. In: Knobil, E.; Neill, J., editors. Mammalian 
Fertilization. New York: Raven Press; 1994. 
27. Branham MT, Mayorga LS, Tomes CN. Calcium-Induced Acrosomal Exocytosis Requires CAMP 
Acting Through a Protein Kinase A-Independent, Epac-Mediated Pathway. J. Biol. Chem. 2006; 
281:8656–8666. [PubMed: 16407249] 
28. Flesch FM, Brouwers JF, Nievelstein PF, Verkleij AJ, van Golde LM, Colenbrander B, Gadella 
BM. Bicarbonate Stimulated Phospholipid Scrambling Induces Cholesterol Redistribution and 
Enables Cholesterol Depletion in the Sperm Plasma Membrane. J. Cell Sci. 2001; 114:3543–3555. 
[PubMed: 11682613] 
29. Gadella BM, Harrison RA. The Capacitating Agent Bicarbonate Induces Protein Kinase A-
Dependent Changes in Phospholipid Transbilayer Behavior in the Sperm Plasma Membrane. 
Development. 2000; 127:2407–2420. [PubMed: 10804182] 
30. Demarco IA, Espinosa F, Edwards J, Sosnik J, De La Vega-Beltran JL, Hockensmith JW, Kopf 
GS, Darszon A, Visconti PE. Involvement of a Na+/HCO-3 Cotransporter in Mouse Sperm 
Capacitation. J. Biol. Chem. 2003; 278:7001–7009. [PubMed: 12496293] 
31. Wang D, King SM, Quill TA, Doolittle LK, Garbers DL. A New Sperm-Specific Na+/H+ 
Exchanger Required for Sperm Motility and Fertility. Nat. Cell Biol. 2003; 5:1117–1122. 
[PubMed: 14634667] 
32. Wang D, Hu J, Bobulescu IA, Quill TA, McLeroy P, Moe OW, Garbers DL. A Sperm-Specific Na
+/H+ Exchanger (SNHE) Is Critical for Expression and in Vivo Bicarbonate Regulation of the 
Soluble Adenylyl Cyclase (SAC). Proc. Natl. Acad. Sci. U. S. A. 2007; 104:9325–9330. [PubMed: 
17517652] 
Buffone et al. Page 16













33. Zeng Y, Oberdorf JA, Florman HM. PH Regulation in Mouse Sperm: Identification of Na(+)-, 
Cl(-)-, and HCO3(-)-Dependent and Arylaminobenzoate-Dependent Regulatory Mechanisms and 
Characterization of Their Roles in Sperm Capacitation. Dev. Biol. 1996; 173:510–520. [PubMed: 
8606009] 
34. Tateno H, Krapf D, Hino T, Sanchez-Cardenas C, Darszon A, Yanagimachi R, Visconti PE. Ca2+ 
Ionophore A23187 Can Make Mouse Spermatozoa Capable of Fertilizing in Vitro Without 
Activation of CAMP-Dependent Phosphorylation Pathways. Proc. Natl. Acad. Sci. U. S. A. 2013; 
110:18543–18548. [PubMed: 24128762] 
35. Visconti PE, Moore GD, Bailey JL, Leclerc P, Connors SA, Pan D, Olds-Clarke P, Kopf GS. 
Capacitation of Mouse Spermatozoa. II. Protein Tyrosine Phosphorylation and Capacitation Are 
Regulated by a CAMP-Dependent Pathway. Development. 1995; 121:1139–1150. [PubMed: 
7538069] 
36. Florman, HM.; Babcock, DF. Progress Toward Understanding the Molecular Basis of 
Capacitation. Chapter 5. In: Wassarman, PM., editor. Elements of Mammalian Fertilization. Vol. 
1. Boca Raton, FL: CRC Press; 1991. 
37. Branham MT, Bustos MA, De Blas GA, Rehmann H, Zarelli VE, Trevino CL, Darszon A, 
Mayorga LS, Tomes CN. Epac Activates the Small G Proteins Rap1 and Rab3A to Achieve 
Exocytosis. J. Biol. Chem. 2009; 284:24825–24839. [PubMed: 19546222] 
38. Breitbart H, Spungin B. The Biochemistry of the Acrosome Reaction. Mol. Hum. Reprod. 1997; 
3:195–202. [PubMed: 9237245] 
39. de Lamirande E, Leclerc P, Gagnon C. Capacitation As a Regulatory Event That Primes 
Spermatozoa for the Acrosome Reaction and Fertilization. Mol. Hum. Reprod. 1997; 3:175–194. 
[PubMed: 9237244] 
40. Lefievre L, Jha KN, de Lamirande E, Visconti PE, Gagnon C. Activation of Protein Kinase A 
During Human Sperm Capacitation and Acrosome Reaction. 
41. Wertheimer E, Krapf D, De La Vega-Beltran JL, Sanchez-Cardenas C, Navarrete F, Haddad D, 
Escoffier J, Salicioni AM, Levin LR, Buck J, Mager J, Darszon A, Visconti PE. 
Compartmentalization of Distinct CAMP Signaling Pathways in Mammalian Sperm. J. Biol. 
Chem. 2013; 288:35307–35320. [PubMed: 24129574] 
42. Harrison RA, Miller NG. CAMP-Dependent Protein Kinase Control of Plasma Membrane Lipid 
Architecture in Boar Sperm. Mol. Reprod. Dev. 2000; 55:220–228. [PubMed: 10618662] 
43. Battistone MA, Da Ros VG, Salicioni AM, Navarrete FA, Krapf D, Visconti PE, Cuasnicu PS. 
Functional Human Sperm Capacitation Requires Both Bicarbonate-Dependent PKA Activation 
and Down-Regulation of Ser/Thr Phosphatases by Src Family Kinases. Mol. Hum. Reprod. 2013; 
19:570–580. [PubMed: 23630234] 
44. Harrison RA. Rapid PKA-Catalysed Phosphorylation of Boar Sperm Proteins Induced by the 
Capacitating Agent Bicarbonate. Mol. Reprod. Dev. 2004; 67:337–352. [PubMed: 14735495] 
45. Osycka-Salut C, Diez F, Burdet J, Gervasi MG, Franchi A, Bianciotti LG, Davio C, Perez-
Martinez S. Cyclic AMP Efflux, Via MRPs and A1 Adenosine Receptors, Is Critical for Bovine 
Sperm Capacitation. Mol. Hum. Reprod. 2014; 20:89–99. [PubMed: 23907162] 
46. Visconti PE, Johnson LR, Oyaski M, Fornes M, Moss SB, Gerton GL, Kopf GS. Regulation, 
Localization, and Anchoring of Protein Kinase A Subunits During Mouse Sperm Capacitation. 
Dev. Biol. 1997; 192:351–363. [PubMed: 9441673] 
47. Kaneto M, Krisfalusi M, Eddy EM, O'Brien DA, Miki K. Bicarbonate-Induced Phosphorylation of 
P270 Protein in Mouse Sperm by CAMP-Dependent Protein Kinase. Mol. Reprod. Dev. 2008; 
75:1045–1053. [PubMed: 18357561] 
48. Krapf D, Arcelay E, Wertheimer EV, Sanjay A, Pilder SH, Salicioni AM, Visconti PE. Inhibition 
of Ser/Thr Phosphatases Induces Capacitation-Associated Signaling in the Presence of Src Kinase 
Inhibitors. J. Biol. Chem. 2010; 285:7977–7985. [PubMed: 20068039] 
49. Morgan DJ, Weisenhaus M, Shum S, Su T, Zheng R, Zhang C, Shokat KM, Hille B, Babcock DF, 
McKnight GS. Tissue-Specific PKA Inhibition Using a Chemical Genetic Approach and Its 
Application to Studies on Sperm Capacitation. Proc. Natl. Acad. Sci. U. S. A. 2008; 105:20740–
20745. [PubMed: 19074277] 
Buffone et al. Page 17













50. O'Flaherty C, de Lamirande E, Gagnon C. Phosphorylation of the Arginine-X-X-(Serine/
Threonine) Motif in Human Sperm Proteins During Capacitation: Modulation and Protein Kinase 
A Dependency. Mol. Hum. Reprod. 2004; 10:355–363. [PubMed: 14997001] 
51. O'Brien ED, Krapf D, Cabada MO, Visconti PE, Arranz SE. Transmembrane Adenylyl Cyclase 
Regulates Amphibian Sperm Motility Through Protein Kinase A Activation. Dev. Biol. 2011; 
350:80–88. [PubMed: 21126515] 
52. Hess KC, Jones BH, Marquez B, Chen Y, Ord TS, Kamenetsky M, Miyamoto C, Zippin JH, Kopf 
GS, Suarez SS, Levin LR, Williams CJ, Buck J, Moss SB. The "Soluble" Adenylyl Cyclase in 
Sperm Mediates Multiple Signaling Events Required for Fertilization. Dev. Cell. 2005; 9:249–259. 
[PubMed: 16054031] 
53. Esposito G, Jaiswal BS, Xie F, Krajnc-Franken MA, Robben TJ, Strik AM, Kuil C, Philipsen RL, 
van Duin M, Conti M, Gossen JA. Mice Deficient for Soluble Adenylyl Cyclase Are Infertile 
Because of a Severe Sperm-Motility Defect. Proc. Natl. Acad. Sci. U. S. A. 2004; 101:2993–2998. 
[PubMed: 14976244] 
54. Xie F, Garcia MA, Carlson AE, Schuh SM, Babcock DF, Jaiswal BS, Gossen JA, Esposito G, van 
Duin M, Conti M. Soluble Adenylyl Cyclase (SAC) Is Indispensable for Sperm Function and 
Fertilization. Dev. Biol. 2006; 296:353–362. [PubMed: 16842770] 
55. Miki K, Willis WD, Brown PR, Goulding EH, Fulcher KD, Eddy EM. Targeted Disruption of the 
Akap4 Gene Causes Defects in Sperm Flagellum and Motility. Dev. Biol. 2002; 248:331–342. 
[PubMed: 12167408] 
56. Miro-Moran A, Jardin I, Ortega-Ferrusola C, Salido GM, Pena FJ, Tapia JA, Aparicio IM. 
Identification and Function of Exchange Proteins Activated Directly by Cyclic AMP (Epac) in 
Mammalian Spermatozoa. PLoS. One. 2012; 7:e37713. [PubMed: 22662198] 
57. Garbers DL, Lust WD, First NL, Lardy HA. Effects of phosphodiesterase inhibitors and cyclic 
nucleotides on sperm respiration and motility. Biochemistry. 1971; 10[(10]):1825–1831.
58. Sunahara RK, Dessauer CW, Whisnant RE, Kleuss C, Gilman AG. Interaction of Gsalpha With the 
Cytosolic Domains of Mammalian Adenylyl Cyclase. J. Biol. Chem. 1997; 272:22265–22271. 
[PubMed: 9268375] 
59. Hepler JR, Gilman AG. G Proteins. Trends Biochem. Sci. 1992; 17:383–387. [PubMed: 1455506] 
60. Kaslow HR, Burns DL. Pertussis Toxin and Target Eukaryotic Cells: Binding, Entry, and 
Activation. FASEB J. 1992; 6:2684–2690. [PubMed: 1612292] 
61. Alfano M, Rizzi C, Corti D, Adduce L, Poli G. Bacterial Toxins: Potential Weapons Against HIV 
Infection. Curr. Pharm. Des. 2005; 11:2909–2926. [PubMed: 16101445] 
62. Lahiri SS. Bacterial Toxins--an Overview. J. Nat. Toxins. 2000; 9:381–408. [PubMed: 11126516] 
63. Glassner M, Jones J, Kligman I, Woolkalis MJ, Gerton GL, Kopf GS. Immunocytochemical and 
Biochemical Characterization of Guanine Nucleotide-Binding Regulatory Proteins in Mammalian 
Spermatozoa. Dev. Biol. 1991; 146:438–450. [PubMed: 1907582] 
64. Ward CR, Storey BT, Kopf GS. Selective Activation of Gi1 and Gi2 in Mouse Sperm by the Zona 
Pellucida, the Egg's Extracellular Matrix. J. Biol. Chem. 1994; 269:13254–13258. [PubMed: 
8175755] 
65. Hildebrandt JD, Codina J, Tash JS, Kirchick HJ, Lipschultz L, Sekura RD, Birnbaumer L. The 
Membrane-Bound Spermatozoal Adenylyl Cyclase System Does Not Share Coupling 
Characteristics With Somatic Cell Adenylyl Cyclases. Endocrinology. 1985; 116:1357–1366. 
[PubMed: 3918851] 
66. Hinsch KD, Habermann B, Just I, Hinsch E, Pfisterer S, Schill WB, Aktories K. ADP-Ribosylation 
of Rho Proteins Inhibits Sperm Motility. FEBS Lett. 1993; 334:32–36. [PubMed: 8224222] 
67. Hinsch KD, Schwerdel C, Habermann B, Schill WB, Muller-Schlosser F, Hinsch E. Identification 
of Heterotrimeric G Proteins in Human Sperm Tail Membranes. Mol. Reprod. Dev. 1995; 40:345–
354. [PubMed: 7772345] 
68. Kopf GS, Woolkalis MJ, Gerton GL. Evidence for a Guanine Nucleotide-Binding Regulatory 
Protein in Invertebrate and Mammalian Sperm. Identification by Islet-Activating Protein-
Catalyzed ADP-Ribosylation and Immunochemical Methods. J. Biol. Chem. 1986; 261:7327–
7331. [PubMed: 3086310] 
Buffone et al. Page 18













69. Bentley JK, Garbers DL, Domino SE, Noland TD, Van Dop C. Spermatozoa Contain a Guanine 
Nucleotide-Binding Protein ADP-Ribosylated by Pertussis Toxin. Biochem. Biophys. Res. 
Commun. 1986; 138:728–734. [PubMed: 3091021] 
70. Fraser LR, Adeoya-Osiguwa S. Modulation of Adenylyl Cyclase by FPP and Adenosine Involves 
Stimulatory and Inhibitory Adenosine Receptors and g Proteins. Mol. Reprod. Dev. 1999; 53:459–
471. [PubMed: 10398422] 
71. Baxendale RW, Fraser LR. Immunolocalization of Multiple Galpha Subunits in Mammalian 
Spermatozoa and Additional Evidence for Galphas. Mol. Reprod. Dev. 2003; 65:104–113. 
[PubMed: 12658639] 
72. Spehr M, Schwane K, Riffell JA, Barbour J, Zimmer RK, Neuhaus EM, Hatt H. Particulate 
Adenylate Cyclase Plays a Key Role in Human Sperm Olfactory Receptor-Mediated Chemotaxis. 
J. Biol. Chem. 2004; 279:40194–40203. [PubMed: 15271985] 
73. Walensky LD, Snyder SH. Inositol 1,4,5-Trisphosphate Receptors Selectively Localized to the 
Acrosomes of Mammalian Sperm. J. Cell Biol. 1995; 130:857–869. [PubMed: 7642703] 
74. Merlet F, Weinstein LS, Goldsmith PK, Rarick T, Hall JL, Bisson JP, de Mazancourt P. 
Identification and Localization of G Protein Subunits in Human Spermatozoa. Mol. Hum. Reprod. 
1999; 5:38–45. [PubMed: 10050660] 
75. Fiedler SE, Bajpai M, Carr DW. Identification and Characterization of RHOA-Interacting Proteins 
in Bovine Spermatozoa. Biol. Reprod. 2008; 78:184–192. [PubMed: 17928627] 
76. Boatman DE, Robbins RS. Bicarbonate: Carbon-Dioxide Regulation of Sperm Capacitation, 
Hyperactivated Motility, and Acrosome Reactions. Biol. Reprod. 1991; 44:806–813. [PubMed: 
1907858] 
77. Lee MA, Storey BT. Bicarbonate Is Essential for Fertilization of Mouse Eggs: Mouse Sperm 
Require It to Undergo the Acrosome Reaction. Biol. Reprod. 1986; 34:349–356. [PubMed: 
3082381] 
78. Neill JM, Olds-Clarke P. A Computer-Assisted Assay for Mouse Sperm Hyperactivation 
Demonstrates That Bicarbonate but Not Bovine Serum Albumin Is Required. Gamete Res. 1987; 
18:121–140. [PubMed: 3507366] 
79. Shi QX, Roldan ER. Bicarbonate/CO2 Is Not Required for Zona Pellucida- or Progesterone-
Induced Acrosomal Exocytosis of Mouse Spermatozoa but Is Essential for Capacitation. Biol. 
Reprod. 1995; 52:540–546. [PubMed: 7756449] 
80. Visconti PE, Bailey JL, Moore GD, Pan D, Olds-Clarke P, Kopf GS. Capacitation of Mouse 
Spermatozoa I. Correlation Between the Capacitation State and Protein Tyrosine Phosphorylation. 
Development. 1995; 121:1129–1137. [PubMed: 7743926] 
81. Garbers DL, Tubb DJ, Hyne RV. A Requirement of Bicarbonate for Ca2+-Induced Elevations of 
Cyclic AMP in Guinea Pig Spermatozoa. J. Biol. Chem. 1982; 257:8980–8984. [PubMed: 
6284752] 
82. Okamura N, Sugita Y. Activation of Spermatozoan Adenylate Cyclase by a Low Molecular 
Weight Factor in Porcine Seminal Plasma. J. Biol. Chem. 1983; 258:13056–13062. [PubMed: 
6630219] 
83. Okamura N, Tajima Y, Soejima A, Masuda H, Sugita Y. Sodium Bicarbonate in Seminal Plasma 
Stimulates the Motility of Mammalian Spermatozoa Through Direct Activation of Adenylate 
Cyclase. J. Biol. Chem. 1985; 260:9699–9705. [PubMed: 2991260] 
84. Garty NB, Galiani D, Aharonheim A, Ho YK, Phillips DM, Dekel N, Salomon Y. G-Proteins in 
Mammalian Gametes: an Immunocytochemical Study. J. Cell Sci. 1988; 91(Pt 1):21–31. 
[PubMed: 3150972] 
85. Visconti PE, Muschietti JP, Flawia MM, Tezon JG. Bicarbonate Dependence of CAMP 
Accumulation Induced by Phorbol Esters in Hamster Spermatozoa. Biochim. Biophys. Acta. 1990; 
1054:231–236. [PubMed: 2169311] 
86. Kornblihtt AR, Flawia MM, Torres HN. Manganese Ion Dependent Adenylate Cyclase Activity in 
Rat Testes: Purification and Properties. Biochemistry. 1981; 20:1262–1267. [PubMed: 7225326] 
87. Steegborn C, Litvin TN, Levin LR, Buck J, Wu H. Bicarbonate Activation of Adenylyl Cyclase 
Via Promotion of Catalytic Active Site Closure and Metal Recruitment. Nat. Struct. Mol. Biol. 
2005; 12:32–37. [PubMed: 15619637] 
Buffone et al. Page 19













88. Tresguerres M, Parks SK, Salazar E, Levin LR, Goss GG, Buck J. Bicarbonate-Sensing Soluble 
Adenylyl Cyclase Is an Essential Sensor for Acid/Base Homeostasis. Proc. Natl. Acad. Sci. U. S. 
A. 2010; 107:442–447. [PubMed: 20018667] 
89. Brenker C, Goodwin N, Weyand I, Kashikar ND, Naruse M, Krahling M, Muller A, Kaupp UB, 
Strunker T. The CatSper Channel: a Polymodal Chemosensor in Human Sperm. EMBO J. 2012; 
31:1654–1665. [PubMed: 22354039] 
90. Burton KA, McKnight GS. PKA, Germ Cells, and Fertility. Physiology. (Bethesda. ). 2007; 22:40–
46. [PubMed: 17289929] 
91. Nolan MA, Babcock DF, Wennemuth G, Brown W, Burton KA, McKnight GS. Sperm-Specific 
Protein Kinase A Catalytic Subunit Calpha2 Orchestrates CAMP Signaling for Male Fertility. 
Proc. Natl. Acad. Sci. U. S. A. 2004; 101:13483–13488. [PubMed: 15340140] 
92. Wertheimer EV, Salicioni AM, Liu W, Trevino CL, Chavez J, Hernandez-Gonzalez EO, Darszon 
A, Visconti PE. Chloride Is Essential for Capacitation and for the Capacitation-Associated 
Increase in Tyrosine Phosphorylation. J. Biol. Chem. 2008; 283:35539–35550. [PubMed: 
18957426] 
93. Zippin JH, Chen Y, Straub SG, Hess KC, Diaz A, Lee D, Tso P, Holz GG, Sharp GW, Levin LR, 
Buck J. CO2/HCO3(-)- and Calcium-Regulated Soluble Adenylyl Cyclase As a Physiological ATP 
Sensor. J. Biol. Chem. 2013; 288:33283–33291. [PubMed: 24100033] 
94. Han H, Stessin A, Roberts J, Hess K, Gautam N, Kamenetsky M, Lou O, Hyde E, Nathan N, 
Muller WA, Buck J, Levin LR, Nathan C. Calcium-Sensing Soluble Adenylyl Cyclase Mediates 
TNF Signal Transduction in Human Neutrophils. J. Exp. Med. 2005; 202:353–361. [PubMed: 
16043520] 
95. Baxendale RW, Fraser LR. Evidence for Multiple Distinctly Localized Adenylyl Cyclase Isoforms 
in Mammalian Spermatozoa. Mol. Reprod. Dev. 2003; 66:181–189. [PubMed: 12950106] 
96. Livera G, Xie F, Garcia MA, Jaiswal B, Chen J, Law E, Storm DR, Conti M. Inactivation of the 
Mouse Adenylyl Cyclase 3 Gene Disrupts Male Fertility and Spermatozoon Function. Mol. 
Endocrinol. 2005; 19:1277–1290. [PubMed: 15705663] 
97. Fraser LR, Duncan AE. Adenosine Analogues With Specificity for A2 Receptors Bind to Mouse 
Spermatozoa and Stimulate Adenylate Cyclase Activity in Uncapacitated Suspensions. J. Reprod. 
Fertil. 1993; 98:187–194. [PubMed: 8393927] 
98. Fraser LR, Dudley K. New Insights into the T-Complex and Control of Sperm Function. 
Bioessays. 1999; 21:304–312. [PubMed: 10377892] 
99. Leclerc P, Kopf GS. Mouse Sperm Adenylyl Cyclase: General Properties and Regulation by the 
Zona Pellucida. Biol. Reprod. 1995; 52:1227–1233. [PubMed: 7632830] 
100. Monks NJ, Stein DM, Fraser LR. Adenylate Cyclase Activity of Mouse Sperm During 
Capacitation in Vitro: Effect of Calcium and a GTP Analogue. Int. J. Androl. 1986; 9:67–76. 
[PubMed: 3744587] 
101. Cheng CY, Boettcher B. Effects of Cholera Toxin and 5'-Guanylylimidodiphosphate on Human 
Spermatozoal Adenylate Cyclase Activity. Biochem. Biophys. Res. Commun. 1979; 91:1–9. 
[PubMed: 518608] 
102. Forte LR, Bylund DB, Zahler WL. Forskolin Does Not Activate Sperm Adenylate Cyclase. Mol. 
Pharmacol. 1983; 24:42–47. [PubMed: 6683355] 
103. Hanski E, Garty NB. Activation of Adenylate Cyclase by Sperm Membranes. The Role of 
Guanine Nucleotide Binding Proteins. FEBS Lett. 1983; 162:447–452. [PubMed: 6313428] 
104. Rojas FJ, Bruzzone ME. Regulation of Cyclic Adenosine Monophosphate Synthesis in Human 
Ejaculated Spermatozoa. I. Experimental Conditions to Quantitate Membrane-Bound Adenylyl 
Cyclase Activity. Hum. Reprod. 1992; 7:1126–1130. [PubMed: 1328276] 
105. Strunker T, Goodwin N, Brenker C, Kashikar ND, Weyand I, Seifert R, Kaupp UB. The CatSper 
Channel Mediates Progesterone-Induced Ca2+ Influx in Human Sperm. Nature. 2011; 471:382–
386. [PubMed: 21412338] 
106. Seamon KB, Padgett W, Daly JW. Forskolin: Unique Diterpene Activator of Adenylate Cyclase 
in Membranes and in Intact Cells. Proc. Natl. Acad. Sci. U. S. A. 1981; 78:3363–3367. [PubMed: 
6267587] 
Buffone et al. Page 20













107. Seamon KB, Daly JW. Forskolin: a Unique Diterpene Activator of Cyclic AMP-Generating 
Systems. J. Cyclic. Nucleotide. Res. 1981; 7:201–224. [PubMed: 6278005] 
108. Aitken RJ, Mattei A, Irvine S. Paradoxical Stimulation of Human Sperm Motility by 2-
Deoxyadenosine. J. Reprod. Fertil. 1986; 78:515–527. [PubMed: 2433439] 
109. Leclerc P, Kopf GS. Evidence for the Role of Heterotrimeric Guanine Nucleotide-Binding 
Regulatory Proteins in the Regulation of the Mouse Sperm Adenylyl Cyclase by the Egg's Zona 
Pellucida. J. Androl. 1999; 20:126–134. [PubMed: 10100483] 
110. Duan B, Davis R, Sadat EL, Collins J, Sternweis PC, Yuan D, Jiang LI. Distinct Roles of 
Adenylyl Cyclase VII in Regulating the Immune Responses in Mice. J. Immunol. 2010; 
185:335–344. [PubMed: 20505140] 
111. Harayama H. Roles of Intracellular Cyclic AMP Signal Transduction in the Capacitation and 
Subsequent Hyperactivation of Mouse and Boar Spermatozoa. J. Reprod. Dev. 2013; 59:421–
430. [PubMed: 24162806] 
112. Mehats C, Andersen CB, Filopanti M, Jin SL, Conti M. Cyclic Nucleotide Phosphodiesterases 
and Their Role in Endocrine Cell Signaling. Trends Endocrinol. Metab. 2002; 13:29–35. 
[PubMed: 11750860] 
113. Wasco WM, Orr GA. Function of Calmodulin in Mammalian Sperm: Presence of a Calmodulin-
Dependent Cyclic Nucleotide Phosphodiesterase Associated With Demembranated Rat Caudal 
Epididymal Sperm. Biochem. Biophys. Res. Commun. 1984; 118:636–642. [PubMed: 6322756] 
114. Baxendale RW, Fraser LR. Mammalian Sperm Phosphodiesterases and Their Involvement in 
Receptor-Mediated Cell Signaling Important for Capacitation. Mol. Reprod. Dev. 2005; 71:495–
508. [PubMed: 15856425] 
115. Fisch JD, Behr B, Conti M. Enhancement of Motility and Acrosome Reaction in Human 
Spermatozoa: Differential Activation by Type-Specific Phosphodiesterase Inhibitors. Hum. 
Reprod. 1998; 13:1248–1254. [PubMed: 9647555] 
116. Carnegie GK, Means CK, Scott JD. A-Kinase Anchoring Proteins: From Protein Complexes to 
Physiology and Disease. IUBMB. Life. 2009; 61:394–406. [PubMed: 19319965] 
117. Soberg K, Jahnsen T, Rognes T, Skalhegg BS, Laerdahl JK. Evolutionary Paths of the CAMP-
Dependent Protein Kinase (PKA) Catalytic Subunits. PLoS. One. 2013; 8:e60935. [PubMed: 
23593352] 
118. Morris RC, Morris GZ, Zhang W, Gellerman M, Beebe SJ. Differential Transcriptional 
Regulation by the Alpha- and Gamma-Catalytic Subunit Isoforms of CAMP-Dependent Protein 
Kinase. Arch. Biochem. Biophys. 2002; 403:219–228. [PubMed: 12139971] 
119. Vijayaraghavan S, Goueli SA, Davey MP, Carr DW. Protein Kinase A-Anchoring Inhibitor 
Peptides Arrest Mammalian Sperm Motility. J. Biol. Chem. 1997; 272:4747–4752. [PubMed: 
9030527] 
120. Visconti PE. Understanding the Molecular Basis of Sperm Capacitation Through Kinase Design. 
Proc. Natl. Acad. Sci. U. S. A. 2009; 106:667–668. [PubMed: 19144927] 
121. Skalhegg BS, Huang Y, Su T, Idzerda RL, McKnight GS, Burton KA. Mutation of the Calpha 
Subunit of PKA Leads to Growth Retardation and Sperm Dysfunction. Mol. Endocrinol. 2002; 
16:630–639. [PubMed: 11875122] 
122. Desseyn JL, Burton KA, McKnight GS. Expression of a Nonmyristylated Variant of the Catalytic 
Subunit of Protein Kinase A During Male Germ-Cell Development. Proc. Natl. Acad. Sci. U. S. 
A. 2000; 97:6433–6438. [PubMed: 10841548] 
123. Burton KA, Treash-Osio B, Muller CH, Dunphy EL, McKnight GS. Deletion of Type IIalpha 
Regulatory Subunit Delocalizes Protein Kinase A in Mouse Sperm Without Affecting Motility or 
Fertilization. J. Biol. Chem. 1999; 274:24131–24136. [PubMed: 10446185] 
124. Bishop AC, Ubersax JA, Petsch DT, Matheos DP, Gray NS, Blethrow J, Shimizu E, Tsien JZ, 
Schultz PG, Rose MD, Wood JL, Morgan DO, Shokat KM. A Chemical Switch for Inhibitor-
Sensitive Alleles of Any Protein Kinase. Nature. 2000; 407:395–401. [PubMed: 11014197] 
125. Scott JD, Pawson T. Cell Signaling in Space and Time: Where Proteins Come Together and 
When They'Re Apart. Science. 2009; 326:1220–1224. [PubMed: 19965465] 
126. Carr DW, Fujita A, Stentz CL, Liberty GA, Olson GE, Narumiya S. Identification of Sperm-
Specific Proteins That Interact With A-Kinase Anchoring Proteins in a Manner Similar to the 
Buffone et al. Page 21













Type II Regulatory Subunit of PKA. J. Biol. Chem. 2001; 276:17332–17338. [PubMed: 
11278869] 
127. Vijayaraghavan S, Liberty GA, Mohan J, Winfrey VP, Olson GE, Carr DW. Isolation and 
Molecular Characterization of AKAP110, a Novel, Sperm-Specific Protein Kinase A-Anchoring 
Protein. Mol. Endocrinol. 1999; 13:705–717. [PubMed: 10319321] 
128. Mandal A, Naaby-Hansen S, Wolkowicz MJ, Klotz K, Shetty J, Retief JD, Coonrod SA, Kinter 
M, Sherman N, Cesar F, Flickinger CJ, Herr JC. FSP95, a Testis-Specific 95-Kilodalton Fibrous 
Sheath Antigen That Undergoes Tyrosine Phosphorylation in Capacitated Human Spermatozoa. 
Biol. Reprod. 1999; 61:1184–1197. [PubMed: 10529264] 
129. Carrera A, Gerton GL, Moss SB. The Major Fibrous Sheath Polypeptide of Mouse Sperm: 
Structural and Functional Similarities to the A-Kinase Anchoring Proteins. Dev. Biol. 1994; 
165:272–284. [PubMed: 8088444] 
130. Carrera A, Moos J, Ning XP, Gerton GL, Tesarik J, Kopf GS, Moss SB. Regulation of Protein 
Tyrosine Phosphorylation in Human Sperm by a Calcium/Calmodulin-Dependent Mechanism: 
Identification of A Kinase Anchor Proteins As Major Substrates for Tyrosine Phosphorylation. 
Dev. Biol. 1996; 180:284–296. [PubMed: 8948591] 
131. Ficarro S, Chertihin O, Westbrook VA, White F, Jayes F, Kalab P, Marto JA, Shabanowitz J, 
Herr JC, Hunt DF, Visconti PE. Phosphoproteome Analysis of Capacitated Human Sperm. 
Evidence of Tyrosine Phosphorylation of a Kinase-Anchoring Protein 3 and Valosin-Containing 
Protein/P97 During Capacitation. J. Biol. Chem. 2003; 278:11579–11589. [PubMed: 12509440] 
132. Platt MD, Salicioni AM, Hunt DF, Visconti PE. Use of Differential Isotopic Labeling and Mass 
Spectrometry to Analyze Capacitation-Associated Changes in the Phosphorylation Status of 
Mouse Sperm Proteins. J. Proteome. Res. 2009; 8:1431–1440. [PubMed: 19186949] 
133. Harrison DA, Carr DW, Meizel S. Involvement of Protein Kinase A and A Kinase Anchoring 
Protein in the Progesterone-Initiated Human Sperm Acrosome Reaction. Biol. Reprod. 2000; 
62:811–820. [PubMed: 10684828] 
134. Hillman P, Ickowicz D, Vizel R, Breitbart H. Dissociation Between AKAP3 and PKARII 
Promotes AKAP3 Degradation in Sperm Capacitation. PLoS. One. 2013; 8:e68873. [PubMed: 
23894359] 
135. Newell AE, Fiedler SE, Ruan JM, Pan J, Wang PJ, Deininger J, Corless CL, Carr DW. Protein 
Kinase A RII-Like (R2D2) Proteins Exhibit Differential Localization and AKAP Interaction. Cell 
Motil. Cytoskeleton. 2008; 65:539–552. [PubMed: 18421703] 
136. Fiedler SE, Dudiki T, Vijayaraghavan S, Carr DW. Loss of R2D2 Proteins ROPN1 and ROPN1L 
Causes Defects in Murine Sperm Motility, Phosphorylation, and Fibrous Sheath Integrity. Biol. 
Reprod. 2013; 88:41. [PubMed: 23303679] 
137. Cukkemane A, Seifert R, Kaupp UB. Cooperative and Uncooperative Cyclic-Nucleotide-Gated 
Ion Channels. Trends Biochem. Sci. 2011; 36:55–64. [PubMed: 20729090] 
138. Brown RL, Strassmaier T, Brady JD, Karpen JW. The Pharmacology of Cyclic Nucleotide-Gated 
Channels: Emerging From the Darkness. Curr. Pharm. Des. 2006; 12:3597–3613. [PubMed: 
17073662] 
139. Weitz D, Ficek N, Kremmer E, Bauer PJ, Kaupp UB. Subunit Stoichiometry of the CNG Channel 
of Rod Photoreceptors. Neuron. 2002; 36:881–889. [PubMed: 12467591] 
140. Pifferi S, Boccaccio A, Menini A. Cyclic Nucleotide-Gated Ion Channels in Sensory 
Transduction. FEBS Lett. 2006; 580:2853–2859. [PubMed: 16631748] 
141. Mazzolini M, Marchesi A, Giorgetti A, Torre V. Gating in CNGA1 Channels. Pflugers Arch. 
2010; 459:547–555. [PubMed: 19898862] 
142. Darszon A, Acevedo JJ, Galindo BE, Hernandez-Gonzalez EO, Nishigaki T, Trevino CL, Wood 
C, Beltran C. Sperm Channel Diversity and Functional Multiplicity. Reproduction. 2006; 
131:977–988. [PubMed: 16735537] 
143. Kaupp UB, Kashikar ND, Weyand I. Mechanisms of Sperm Chemotaxis. Annu. Rev. Physiol. 
2008; 70:93–117. [PubMed: 17988206] 
144. Weyand I, Godde M, Frings S, Weiner J, Muller F, Altenhofen W, Hatt H, Kaupp UB. Cloning 
and Functional Expression of a Cyclic-Nucleotide-Gated Channel From Mammalian Sperm. 
Nature. 1994; 368:859–863. [PubMed: 7512693] 
Buffone et al. Page 22













145. Kaupp UB, Seifert R. Cyclic Nucleotide-Gated Ion Channels. Physiol Rev. 2002; 82:769–824. 
[PubMed: 12087135] 
146. Wiesner B, Weiner J, Middendorff R, Hagen V, Kaupp UB, Weyand I. Cyclic Nucleotide-Gated 
Channels on the Flagellum Control Ca2+ Entry into Sperm. J. Cell Biol. 1998; 142:473–484. 
[PubMed: 9679145] 
147. Kobori H, Miyazaki S, Kuwabara Y. Characterization of Intracellular Ca(2+) Increase in 
Response to Progesterone and Cyclic Nucleotides in Mouse Spermatozoa. Biol. Reprod. 2000; 
63:113–120. [PubMed: 10859249] 
148. Ren D, Navarro B, Perez G, Jackson AC, Hsu S, Shi Q, Tilly JL, Clapham DE. A Sperm Ion 
Channel Required for Sperm Motility and Male Fertility. Nature. 2001; 413:603–609. [PubMed: 
11595941] 
149. Biel M, Seeliger M, Pfeifer A, Kohler K, Gerstner A, Ludwig A, Jaissle G, Fauser S, Zrenner E, 
Hofmann F. Selective Loss of Cone Function in Mice Lacking the Cyclic Nucleotide-Gated 
Channel CNG3. Proc. Natl. Acad. Sci. U. S. A. 1999; 96:7553–7557. [PubMed: 10377453] 
150. de Rooij J, Rehmann H, van Triest M, Cool RH, Wittinghofer A, Bos JL. Mechanism of 
Regulation of the Epac Family of CAMP-Dependent RapGEFs. J. Biol. Chem. 2000; 275:20829–
20836. [PubMed: 10777494] 
151. Amano R, Lee J, Goto N, Harayama H. Evidence for Existence of CAMP-Epac Signaling in the 
Heads of Mouse Epididymal Spermatozoa. J. Reprod. Dev. 2007; 53:127–133. [PubMed: 
17077580] 
152. McPartlin LA, Visconti PE, Bedford-Guaus SJ. Guanine-Nucleotide Exchange Factors 
(RAPGEF3/RAPGEF4) Induce Sperm Membrane Depolarization and Acrosomal Exocytosis in 
Capacitated Stallion Sperm. Biol. Reprod. 2011; 85:179–188. [PubMed: 21471298] 
153. Parrish JJ, Susko-Parrish JL, First NL. Capacitation of Bovine Sperm by Heparin: Inhibitory 
Effect of Glucose and Role of Intracellular PH. Biol. Reprod. 1989; 41:683–699. [PubMed: 
2620077] 
154. Krahling AM, Alvarez L, Debowski K, Van Q, Gunkel M, Irsen S, Al Amoudi A, Strunker T, 
Kremmer E, Krause E, Voigt I, Wortge S, Waisman A, Weyand I, Seifert R, Kaupp UB, 
Wachten D. CRIS-a Novel CAMP-Binding Protein Controlling Spermiogenesis and the 
Development of Flagellar Bending. PLoS. Genet. 2013; 9:e1003960. [PubMed: 24339785] 
155. Daleke DL. Regulation of Transbilayer Plasma Membrane Phospholipid Asymmetry. J. Lipid 
Res. 2003; 44:233–242. [PubMed: 12576505] 
156. Tanaka K, Fujimura-Kamada K, Yamamoto T. Functions of Phospholipid Flippases. J. Biochem. 
2011; 149:131–143. [PubMed: 21134888] 
157. de Vries KJ, Wiedmer T, Sims PJ, Gadella BM. Caspase-Independent Exposure of 
Aminophospholipids and Tyrosine Phosphorylation in Bicarbonate Responsive Human Sperm 
Cells. Biol. Reprod. 2003; 68:2122–2134. [PubMed: 12606386] 
158. Visconti PE, Ning X, Fornes MW, Alvarez JG, Stein P, Connors SA, Kopf GS. Cholesterol 
Efflux-Mediated Signal Transduction in Mammalian Sperm: Cholesterol Release Signals an 
Increase in Protein Tyrosine Phosphorylation During Mouse Sperm Capacitation. Dev. Biol. 
1999; 214:429–443. [PubMed: 10525345] 
159. Visconti PE, Galantino-Homer H, Ning X, Moore GD, Valenzuela JP, Jorgez CJ, Alvarez JG, 
Kopf GS. Cholesterol Efflux-Mediated Signal Transduction in Mammalian Sperm. Beta-
Cyclodextrins Initiate Transmembrane Signaling Leading to an Increase in Protein Tyrosine 
Phosphorylation and Capacitation. J. Biol. Chem. 1999; 274:3235–3242. [PubMed: 9915865] 
160. Hernandez-Gonzalez EO, Sosnik J, Edwards J, Acevedo JJ, Mendoza-Lujambio I, Lopez-
Gonzalez I, Demarco I, Wertheimer E, Darszon A, Visconti PE. Sodium and Epithelial Sodium 
Channels Participate in the Regulation of the Capacitation-Associated Hyperpolarization in 
Mouse Sperm. J. Biol. Chem. 2006; 281:5623–5633. [PubMed: 16407190] 
161. Travis AJ, Tutuncu L, Jorgez CJ, Ord TS, Jones BH, Kopf GS, Williams CJ. Requirements for 
Glucose Beyond Sperm Capacitation During in Vitro Fertilization in the Mouse. Biol. Reprod. 
2004; 71:139–145. [PubMed: 14985248] 
Buffone et al. Page 23













162. Leclerc P, de LE, Gagnon C. Cyclic Adenosine 3',5'Monophosphate-Dependent Regulation of 
Protein Tyrosine Phosphorylation in Relation to Human Sperm Capacitation and Motility. Biol. 
Reprod. 1996; 55:684–692. [PubMed: 8862788] 
163. Mahony MC, Gwathmey T. Protein Tyrosine Phosphorylation During Hyperactivated Motility of 
Cynomolgus Monkey (Macaca Fascicularis) Spermatozoa. Biol. Reprod. 1999; 60:1239–1243. 
[PubMed: 10208990] 
164. Si Y, Okuno M. Role of Tyrosine Phosphorylation of Flagellar Proteins in Hamster Sperm 
Hyperactivation. Biol. Reprod. 1999; 61:240–246. [PubMed: 10377055] 
165. Baker MA, Hetherington L, Aitken RJ. Identification of SRC As a Key PKA-Stimulated Tyrosine 
Kinase Involved in the Capacitation-Associated Hyperactivation of Murine Spermatozoa. J. Cell 
Sci. 2006; 119:3182–3192. [PubMed: 16835269] 
166. Krapf D, Ruan YC, Wertheimer EV, Battistone MA, Pawlak JB, Sanjay A, Pilder SH, Cuasnicu 
P, Breton S, Visconti PE. CSrc Is Necessary for Epididymal Development and Is Incorporated 
into Sperm During Epididymal Transit. Dev. Biol. 2012; 369:43–53. [PubMed: 22750823] 
167. Chen J, Martin BL, Brautigan DL. Regulation of Protein Serine-Threonine Phosphatase Type-2A 
by Tyrosine Phosphorylation. Science. 1992; 257:1261–1264. [PubMed: 1325671] 
168. Chen J, Parsons S, Brautigan DL. Tyrosine Phosphorylation of Protein Phosphatase 2A in 
Response to Growth Stimulation and V-Src Transformation of Fibroblasts. J. Biol. Chem. 1994; 
269:7957–7962. [PubMed: 7510677] 
169. Hu X, Wu X, Xu J, Zhou J, Han X, Guo J. Src Kinase Up-Regulates the ERK Cascade Through 
Inactivation of Protein Phosphatase 2A Following Cerebral Ischemia. BMC. Neurosci. 2009; 
10:74. [PubMed: 19602257] 
170. Gonzalez-Fernandez L, Macias-Garcia B, Loux SC, Varner DD, Hinrichs K. Focal Adhesion 
Kinases and Calcium/Calmodulin-Dependent Protein Kinases Regulate Protein Tyrosine 
Phosphorylation in Stallion Sperm. Biol. Reprod. 2013; 88:138. [PubMed: 23595906] 
171. Luconi M, Krausz C, Forti G, Baldi E. Extracellular Calcium Negatively Modulates Tyrosine 
Phosphorylation and Tyrosine Kinase Activity During Capacitation of Human Spermatozoa. 
Biol. Reprod. 1996; 55:207–216. [PubMed: 8793077] 
172. Liu J, Xia J, Cho KH, Clapham DE, Ren D. CatSperbeta, a Novel Transmembrane Protein in the 
CatSper Channel Complex. J. Biol. Chem. 2007; 282:18945–18952. [PubMed: 17478420] 
173. Machado-Oliveira G, Lefievre L, Ford C, Herrero MB, Barratt C, Connolly TJ, Nash K, Morales-
Garcia A, Kirkman-Brown J, Publicover S. Mobilisation of Ca2+ Stores and Flagellar Regulation 
in Human Sperm by S-Nitrosylation: a Role for NO Synthesised in the Female Reproductive 
Tract. Development. 2008; 135:3677–3686. [PubMed: 18842814] 
174. Xia J, Reigada D, Mitchell CH, Ren D. CATSPER Channel-Mediated Ca2+ Entry into Mouse 
Sperm Triggers a Tail-to-Head Propagation. Biol. Reprod. 2007; 77:551–559. [PubMed: 
17554080] 
175. Xia J, Ren D. Egg Coat Proteins Activate Calcium Entry into Mouse Sperm Via CATSPER 
Channels. Biol. Reprod. 2009; 80:1092–1098. [PubMed: 19211808] 
Buffone et al. Page 24














1. Cyclic AMP is essential in sperm physiology
2. Soluble adenylyl cyclase (sAC) is the main source of cAMP in mammalian 
sperm cells
3. Soluble AC knock-out mice are infertile
4. Signaling events associated with cAMP are highly compartmentalized within 
the sperm
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Figure 1. Model of main pathways of sperm capacitation where cAMP is directly involved
Model of cAMP pathways acting during mammalian sperm capacitation. Two different 
sources of cAMP orchestrate signaling pathways in the sperm head (A) and in the principal 
piece (B). In the head, a tmAC increases cAMP levels which act primarily on EPAC, 
leading to the preparation to undergo the acrosome reaction. In the sperm flagellum, cAMP 
is increased through the synergic effect of Ca2+ and HCO3 stimulation of sAC. The 
increased pool of cAMP acts on PKA, as well as on CNG channels and NHE channels. 
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These molecules impact directly on the tyrosine phosphorylation pathway that correlates to 
sperm capacitation. See text for details.
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Table I
cAMP in sperm physiology
role Refs
cAMP regulation of capacitation 28,29,30,31,32,33,34
cAMP regulation of acrosome reaction 27,37,38,39,40,41,80
Membrane lipid remodeling 28,29,157
Hyperpolarization of sperm plasma membrane 30
Increase in intracelular pH 30,31,32,33
Increase in intracelular Ca2+ 34,147,148,172,173,174, 175
Increase in protein tyrosine phosphorylation 35
cAMP role in ATP synthesis 54
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